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SYNOPSIS This paper describes the performance of 14-inch prestressed concrete piles, supporting a 10-story commercial building, during the 1989 
Lorna-Prieta Earthquake. Excavations were performed to expose several piles. Except for one comer pile, no significant damage was observed. Several 
cracks, indicating possible formation of a plastic hinge, were observed at the top of this corner pile. In general, the piles performed well during the M7 
earthquake. 
INTRODUCTION 
The objective of this paper is to document the conditions of eight 14-inch 
square prestressed concrete piles and to provide both interpretation of the 
observations and estimates of the lateral forces that the piles could have 
experienced during the M7 earthquake. 
It is cautioned that while the analyses presented in this paper are considered 
technically compatible with the type of available data, the extrapolation of 
the estimated lateral forces on the piles to other structures may not be 
applicable. The reasons for this caution include the complexity of pile 
foundations behavior duripg earthquakes and the broad range of factors 
that could influence their behavior. 
Nonetheless, it is considered that the observations and data provided in this 
paper constitute a much needed case history on the behavior of this 
particular type of prestressed pile. 
The M7 earthquake occurred on October 17, 1989 and affected a relatively 
large area. Several documents (for example SEAONC, 1990, EERI, 1989) 
described the damage to structures, lifelines, commercial and industrial 
facilities. Except for the damage to batter piles at Oakland Harbor 
Terminal (Dames & Moore, 1989), to the authors' knowledge, there has 
been no published evaluation of other pile foundation performance during 
this earthquake. Future demolition of existing structures and the associated 
possible exposure of existing piles may potentially reveal more cases of 
damage than what has been reported in the general literature to date. 
Strong motion records at San Francisco International Airport located less 
than one mile north of the site (with similar subsurface conditions), 
indicated maximum horizontal ground accelerations of 0.29g and 0.33g, in 
the north-south and east-west directions, respectively. Because of the 
similarity in both the subsoil conditions and the distance to the epicenter, 
it is believed that similar ground shaking intensities should have occurred 
at the subject site. 
DESCRIPTION OF BUILDING, FOUNDATION, AND SUBSUR-
FACE CONDITIONS 
The structure under consideration was the 10-story AMFAC Hotel in 
Burlingame. The location of the site with regard to the zone of energy 
release is shown in Figure 1. The hotel (now demolished) was located east 
of State Highway 101, as shown in Figure 2. 
An areal photograph of the site taken in 1937 (Figure 3) indicated that the 
site of the AMFAC hotel was a land reclaimed from the San Francisco Bay. 
The reclamation probably occurred in the 1960s by placing fill over a layer 
of soft and compressible fat clay (Bay Mud), 19 to 23-foot thick. A 
Figure 1: Vicinity Map and Zone of Energy Release 
generalized subsurface cross section under the general building is shown 
in Figure 4. A survey of the site performed in 1982 indicated areal 
settlement on the order of 18 to 24 inches. It was predicted that the soil 
underneath the building may have settled about one foot. 
The hotel consisted of two separate 10-story towers (north and south, 
Figure 5). These structures consisted of precast concrete floors and roof 
slabs with 8-inch-thick reinforced concrete masonry unit (CMU) walls in 
both the longitudinal and transverse directions. The two wings were 
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configured similarly and were separated from each other by a 4-inch-wide 
joint. The combined area of the two wings was approximately 146,000 
square feet. In the remainder of this paper, we will concentrate on the south 
tower where the cracked pile was located. 
The south wing was supported on 95 piles, as shown on Figure 6. The piles 
were 14-inch-square prestressed concrete with high-strength steel pre-
stressing strands and 9-inch-diameter spiral reinforcement. The estimated 
prestress force in each pile was 138 kips (equivalent to about 700 psi of 
prestress). The prestress in the piles (usually required to resist excessive 
tensile stresses generated during driving) and the spiral reinforcement 
provided the pile section with both bending moment resistance and 
Figure 2: Areal Photograph of the Site, May 1989. 
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Figure 4: Schematic Diagram of Structure and Subsurface Conditions 
ductility. (Refer to Gerwick and Braumer, 1978 for discussion on ductility 
of prestressed concrete piles with spiral reinforcement.) 
The piles were connected to the pile caps with four #7 dowels of 5 foot 
length as shown on Figure 7 and were embedded at least 4 inches in the pile 
cap. High energy X-ray inspection was performed on four exposed piles 
to confirm the design drawings regarding the reinforcement in the piles. 
The results of this inspection confirmed the reinforcement details, and 
showed that the piles may have been embedded more than 4 inches in the 
pile cap, possibly up to 12 inches. 
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Figure 5: AMFAC Hoel Site Plan 
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Based on the confinned reinforcement details at the pile-pile cap connection, 
and the relatively thick concrete caps (up to 4 feet), the boundary condition 
between the piles and the pile cap was assumed to be fixed for the analyses 
presented below. 
CONDITION OF EXPOSED PILES 
Two excavations, each 7 feet in depth, were perfonned at the locations 
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Figure 6: Plot plan of pile foundations in south tower. 
The locations of the excavations were selected based on engineering 
judgement and past experience that corner concrete piles may be subjected 
to relatively large uplift loads during an earthquake, that could adversely 
affect their bending moment capacity and hence their resistance to seismic 
lateral loads. Out of the eight piles exposed in both excavations (four in 
each tower), only one corner piles in the south tower piles exhibited 
observable cracks. A photograph of the south tower piles is shown in 
Figure 8 and the cracks in the corner pile are shown in Figure 9. The 
cracked pile corresponds to pile no. 1 on the pile foundation plan shown in 
Figure 6. Based on our observations, we concluded that a plastic "hinge" 
may have fonned near the pile-pile cap interface, as evidenced by the 
4-117 Dowels 







Figure 7: Detail of Pile Reinforcement 







cracks. We also concluded, based on the fact that the other exposed piles 
were not cracked, that this corner pile may have been subjected to higher 
shear loads than the remaining exposed piles and/or possibly higher uplift 
seismic loads than the remaining piles. 
Our observations indicated that the crack in the corner pile may be due to 
large bending moments at the junction with the grade beam. If we assume 
the bending moments that caused the cracks were due only to base shear 




Evaluate tbe bending moment versus curvature relationship for the 
14-inch prestressed concrete pile section, and estimate both the 
bending moments to cause concrete cracking and the ultimate bending 
moment. 
Evaluate the lateral load versus bending moment relationship of a 
fixed pile. 
Estimate the lateral load at which cracking and plastic yield occur. 
Figure 8: Exposed Corner Piles in South Tower Excavation 
Figure 9: Close-up View of Corner Pile 
BENDING CAPACITY OF PRESTRESSED CONCRETE PILES 
To estimate the moment-curvature relationship of the 14-inch concrete 
piles at this building, we used the computer program BIAX2 (U. C. 
Berkeley, 1992). In our analyses we assumed that the unconfined 
compression strength of the concrete is 6 ksi. We also included in our 
analyses the effect of the 3-inch-pitch spiral reinforcement on the strength 
and ductility of the concrete. We performed the analyses assuming the 
prestressing load as 138 kips. Because of uncertainties in estimating the 
axial load on the corner pile during the earthquake, we performed two 
analyses under externally applied vertical loads of 50 and 150 kips. This 
range was believed to bound the vertical load on the corner piles during the 
earthquake. The results of the analyses are shown in Figure 10: two ranges 
of bending moments can be identified. The first range of 57 to 80 kip-ft is 
the bending moment required to initiate cracking in the concrete. The 
second range of 120 to 145 kip-ft is the ultimate bending moment. These 
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Figure 10: Bending Moment Versus Curvature 
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earthquake as discussed below. The analyses presented in Figure 10 
clearly show the effect of the vertical compressive load intensity on the 
bending moment capacity of these piles. Because of this effect, it is 
considered that the prestress in the piles (138 kips) is a major contributor 
to their relatively high bending moment resistance. 
lATERAL LOAD BEHAVIOR OF THE CORNER PILE 
To back-calculate the shear loads in the pile, we performed soil-pile 
interaction analyses using the computer program LPILE (ENSOFT, 1989). 
The bending stiffness of the uncracked pile section was estimated from the 
slope of the early linear portion of the curves in Figure 10, at about 
1,200,000 kip-in2• After the formation of cracks, the tangent bending 
stiffness drops significantly until a zero value is reached at the ultimate 
bending capacity. For our simplified analyses, we assumed an equivalent 
bending stiffness of 400,000 kip-in2 for the cracked concrete in our LPILE 
analyses (this value was assumed in the top 25 feet of the pile only). The 
results of our analyses for the uncracked and cracked pile are shown in 
Figures 11a and 11b. In our analyses, we assumed that the shear strength 
of the fill is 1,000 psf, and that the Bay Mud is normally consolidated with 
shear strength increasing from 200 psf at the top to 400 psf at the bottom 
of the layer. 
It is recognized that the analyses shown in Figure lla and llb are very 
approximate for several reasons including pile group interaction, orthogo-
nal loading on the pile, assumption of complete fixity at the top, and 
assumptions regarding the shear strength of the subsurface soils. None-
theless, we believe these analyses provide reasonable indications of the 
ranges of forces generated on these particular piles. 
Using the ranges of bending moments from Figure 10 and the curves in 
Figure 11b, it was estimated that a shear force on the order of 14 to 18 kips 
could cause cracking to initiate in this specific pile, and a shear force on the 
order of 25 to 30 kips could develop the ultimate bending capacity of the 
pile. 
EI in upper 25 ft. 
D 1,2oo,ooo k.ip-in2 
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Figure llb: Estimated Lateral Load Versus Moment 
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We therefore concluded that the corner pile experienced as a minimum an 
equivalent shear load of more than 18 kips, whereas the other undamaged 
piles probably experienced lesser loads. 
SHEAR LOADS FROM THE 1973 AND 1988 UBC PROVISIONS 
The shear loads on the south tower foundation piles were estimated using 
the 1973 and 1988 UBC provisions to provide qualitative data on the 
building, and to compare the back-calculated shear in the piles with those 
estimated from these two code editions. 
The calculated base shear coefficients are 0.09 and 0.183 for the 1973 and 
1988 provisions, respectively. The estimated building and foundation 
weight along with the estimated base shears and overturning moments are 
shown on Table 1. Assuming the base shear is uniformly distributed, the 
average load per pile is about 10 kips and 20 kips for the 1973 and 1988 
UBC provisions, respectively, as shown on Table 2. 
TABLE 1: ESTIMATED DEAD WEIGHT, BASE SHEAR, 
AND OVERTURNING MOMENTS IN SOUTH TOWER 
Weight Base Shear Overturning Moment 
(kips) (kips) (k-ft) 
Building Foundation Total 1973 1988 1973 1988 
(slab +grade beams) Code Code Code Code 
7900 2000 9900 895 1810 42350 85750 
TABLE 2: ESTIMATED SHEAR AND VERTICAL FORCES IN 
EXPOSED PILES IN SOUTH TOWER USING 1973 AND 1988 CODE 
Shear (kips) Min. Vertical Load* 
(kips) 
Pile No. 1973 1988 1973 1988 
1 9.4 19 +33 -9.5 
2 9.4 19 76 34 
3 9.4 19 76 34 
4 9.4 19 76 34 
SUMMARY AND CONCLUSIONS 
In this paper we presented a case history on the behavior of 14-inch 
prestressed concrete pile foundations during the 1989, 7.1-Magnitude 
Lorna Prieta Earthquake. 
Eight piles were exposed near their connection with the pile caps, and 
except for several noticeable cracks in one corner pile, no damage that 
could be attributed to the earthquake induced loads were observed. Based 
on the data and observations presented, we concluded the following: 
(1) The 14-inch prestressed concrete piles supporting this specific 
commercial facility performed relatively well during the earthquake. 
The prestress in the piles (usually required to resist excessive tensile 
driving stresses) have significantly contributed to the satisfactory 
performance of the piles. 
(2) The fact that one corner pile had noticeable cracks whereas other 
exposed piles did not may be due to uneven lateral and vertical 
loadings on the piles during the earthquake. Therefore, it may be 
important that load distribution on individual piles be taken into 
account during pile design. 
(3) The 1988 UBC base shear values, indicated shear forces in 
the piles within the range that would cause cracking to initiate. 
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1 kip foot= 
1 psf = 
1 kip-in2 = 
1,000 lbs. = 4.449 kN 
0.0254 meter 
0.3048 meter 
1.356 kN-m 
.0479 kN/m2 
.00287 kN-m2 
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